Introduction
Occupational exposure to silica dust is a well-documented hazard to workers' health [1] . However, the link between silica exposure, silicosis and other diseases is still disputed. Despite the reductions in mortality associated with silicosis, excessive silica exposure remains common, indicating a need for risk surveillance and early workplace specific interventions. Traditionally, industries with significantly elevated health risks from silica exposure are mining, quarrying, foundries, construction, glass works and ceramics and porcelain manufacture [2, 3] . A recent review has confirmed the role of silica exposure (and silicosis) as a risk factor for lung cancer [pooled relative risk (RR) 5 1.34] [4] . Other associations with silica exposure include non-malignant respiratory diseases (NMRDs), chronic obstructive pulmonary diseases (COPDs), nonrespiratory tract cancers, autoimmune diseases and renal diseases [5, 6] . Latest estimates point to 250 000 workers exposed to silica in Italy, of which 28 712 are at high risk of exposure [7, 8] .
In 2000, the Italian National Institute for Occupational Safety and Prevention (ISPESL), in collaboration with the National Workers' Compensation Authority (INAIL), identified a large cohort of workers compensated for silicosis, for the purpose of investigating the causes of mortality. An initial study was carried out in 2006 in the Italian region of Tuscany, highlighting an increased mortality mainly from lung cancer and tuberculosis [9] .
The aim of this study is to estimate the cause-specific mortality during the period 1987-2006 in a cohort of Italian silicotic workers. The study was located in Latium, a region of central Italy of 5 116 344 inhabitants in 2001 and whose capital is Rome. The feasibility of regional analysis is due to the availability of mortality registries at regional level. Historically, Latium has experienced high risks of silicosis and silica exposure. The industry sectors most affected by risks of silica exposure include construction, mining and quarrying and ceramic manufacturing. Although some studies have already been carried out to evaluate silica exposure, silicosis and the pattern of mortality in this area [10] [11] [12] [13] , mortality risks by job categories and sectors of economic activity have not been fully characterized.
Detailed analyses were performed by activity sector, job category, degree of working inability and compensation period. A RR analysis was carried out to further investigate the risk of death from lung cancer and silicosis in relation to silicosis severity and compensation period.
Methods
The subjects in this study were workers who received silicosis compensation between 1943 and 1986 and were selected from the INAIL compensation dataset. Criteria for silicosis compensation assignment are radiographic findings consistent with pneumoconiosis, a verified history of occupational exposure to silica dust and a level of general working inability exceeding 10%. A working inability exceeding 10% reflects a decline in respiratory function of 35%, as measured by the traditional tests of pulmonary function (forced expiratory volume in 1 s, forced vital capacity and diffusion lung capacity for carbon monoxide) [14] . The analysed cohort included 2034 male silicotic workers, alive on 1 January 1987 and residing in Latium. Female workers compensated for silicosis were excluded from the study since they represented a very small number (n 5 38). The follow-up period was from 1 January 1987 to 31 December 2006 and the study subjects contributed a total of 26 976 person-years of observation. A previous mortality study in the period 1969-1984 looked at silicotic workers in the same Italian region (Latium) [10] . However, the observation periods are different; hence, there is no overlap between these two studies. The Regional Mortality Registry of Latium was used to ascertain the vital status of all subjects and to retrieve the causes of deaths that occurred during the follow-up period. A total of 1258 deceased subjects were identified in the observation period among the 2034 compensated subjects. The cause of death was retrieved from the Regional Mortality Registry of Latium for 1087 subjects. The other 86 causes of death were retrieved from the anonymous national mortality file provided by the Italian Agency for New Technologies, Energy and the Environment, linking records by gender, place and date of birth and place and date of death.
Overall, the cause of death was identified for 1173 (93%) of 1258 deceased subjects, remaining unknown for 85 deceased subjects (7%). As recently suggested [15] , we assumed that the cause-specific distribution of the 85 cases of death from unknown causes was the same as that observed for those from known causes. This assumption allowed us to estimate the observed deaths from all causes. Statistical analyses have been carried out also with an 'undefined conditions' class of deceased subjects, and causes of death were coded according to the (11-24; 25-34; 351, e.g. severity of silicosis), activity sector (construction, manufacture of other non-metallic mineral products, mining and quarrying), job category (ceramists, miners and masons) and age at compensation (#50 years or .50 years). Activity sector was coded according to nomenclature générale des activités économi-ques (NACE) revision 1 European standard classification and job category according to INAIL internal classification. The modality classes for 'working inability' and 'age at compensation' variables were chosen to guarantee an equal distribution of the sample size. Information regarding the activity sector and the job category was missing for 467 (23%) and 705 (35%) subjects, respectively. When information was available, only the larger groups were selected for the analysis. As a consequence, activity sector, activity sub-sector and occupation were investigated in 1408 (69%), 836 (41%) and 963 (47%) subjects, respectively (see Table 1 ). The degree of working inability was unknown in only three subjects.
In order to investigate the relationship between silicosis severity, calendar period of exposure and mortality, RRs and their 95% CIs were estimated for lung cancer and silicosis. Poisson regression models with a log link function and the natural log of population treated as an 'offset' were developed using SAS statistical software (GENMOD procedure, SAS version 9.1; SAS Institute Inc., Cary, NC). Variables included in the RR analysis were age, calendar period, degree of working inability (as a surrogate variable of silicosis severity) and compensation year (as a variable related to calendar period of exposure). In order to obtain best-fitting models, the last two variables were added in separate steps. The model fit was evaluated by using 22 log likelihood. Compensation A. SCARSELLI ET AL.: SILICA EXPOSURE AND OCCUPATIONAL MORTALITY 423 year was divided into four time periods (#1970; 1971-1975; 1976-1980; $1981) to ensure an equal distribution of the sample size.
Results
The characteristics of the whole cohort and sub-cohorts and the results of the follow-up are reported in Table  1 . Mean age at compensation was 50.1 years (SD 5 8.7). Among subjects who died before the end of follow-up, the median time elapsed between compensation and death was 23.02 years, while the mean age at death was 75.8 years (SD 5 8.6). Most of the workers were employed in construction (n 5 517), followed by the manufacture of other non-metallic mineral products (n 5 674, including the ceramic industry n 5 456) and mining and quarrying (n 5 217). Other sectors included in the manufacture of other non-metallic mineral products were the manufacture of bricks, tiles and construction products (n 5 58), the manufacture of cement, lime and plaster (n 5 57) and the cutting, shaping and finishing of stone (n 5 35). Ceramists (n 5 584) had the highest frequency of males with silicosis, followed by masons (n 5 192) and miners (n 5 187). Other job categories within the cohort were ceramic kiln operators (n 5 57) and moulders (n 5 47). Sub-cohort analyses were performed only for the main sectors and categories. About 47% of the entire cohort was compensated for silicosis .13 years before the start of follow-up. Table 2 shows the SMRs and their 95% CI in the male silicotics cohort for overall and specific death causes. Only causes responsible for more than three deaths were reported. A slightly significant increase in mortality from all causes was detected, whereas particularly increased mortality was reported from NMRDs, including COPDs, silicosis and other pneumoconiosis, and from tuberculosis. Significant excess mortality was observed from cancer of the trachea, bronchus and lung, larynx cancer, infectious diseases and liver cirrhosis. Excesses of kidney, pancreatic and oesophageal cancers were also observed. Among causes not reported in Table  2 (n # 3 cases), excess mortality was observed from nasal cancer (n 5 1, ICD 9th: 160, SMR: 4.07, 95% CI: 0.75-22.05) and non-Hodgkin's diseases (n 5 1, ICD 9th: 200, SMR: 2.88, 95% CI: 0.53-15.60). Significantly increased mortality was confirmed in the analysis with an unknown cause of death (n 5 85), with the exception of malignant neoplasms (SMR: 1.05, 95% CI: 0.94-1.16).
In the sub-cohort analysis, lung cancer mortality risk was highest in the construction sector, among masons, and in silicotics with a degree of working inability ranging from 25 to 34% (see Table 3 ). Silicotics aged #50 95% CI: 1.36-8.52) and from nephritis, nephritic and nephrotic syndrome (n 5 3, SMR: 3.61, 95% CI: 1.27-10.30). A significant increase in RR for lung cancer was observed between the first two classes of working inability (11-24% versus 25-34%), while a significant decrease in RR for silicosis was found in more recent compensation periods (#1970 compared with all other selected periods). The results of RR analysis are shown in Table 4 .
Discussion
This study detected a significant excess mortality from lung cancer among silicotics, a finding that is consistent with the results of other epidemiologic surveys. A recent meta-analysis of 27 published cohort studies of lung cancer among silicotics showed a pooled SMR value of 2.45 (95% CI: 1.63-3.66) [16] . Fourteen studies used compensation for silicosis as criteria for the cohort definition, and the SMR ranged between 1.37 and 3.70. Further strong associations between silica exposure and lung cancer risk have been observed, with the highest risks among silicotics [4, 17] , suggesting a close relationship between silicosis and lung cancer supportive of theories of the role of pulmonary fibrosis induced by silica. Nevertheless, the large potential of non-differential misclassification of exposures does not facilitate the recognition of the true exposure-response correlation. Moreover, some questions still remain, firstly with regard to the definition of silicosis and identification of silicotic subjects by compensation lists (whether confirmed by radiology and/or autopsy examinations) and secondly to the assessment of the relation between severity of silicosis and lung cancer risk. In this context, our study characterizes risks in relation to selected industries/occupations and severity of silicosis. Lung function impairment following high levels of silicosis as well as COPD may act as competing causes of death from lung cancer [18] . In fact, assessing a doseresponse relation independently of the severity of silicosis is of critical importance for an association between lung cancer and cumulative exposure to silica [19] . Smoking habits are infrequently reported in industrial cohorts, leading to possible inaccurate risk estimates because of the prevailing role of smoking in lung cancer [20] . Information on smoking for the subjects in the cohort was not available in our study, preventing any SMR analysis accounting for smoking habits. If silicotics in our study had smoked more than the general population, the results would have to be considered with regard to confounding effect of smoking. However, in a previous meta-analysis [21] , four studies showed a higher lung cancer risk after adjustment for smoking compared to the unadjusted suggesting that the risk was not attributable to smoking. The previous study conducted on Italian silicotics resident in the Latium region, which found significantly increased risk ratios for respiratory disorders, tuberculosis, lung cancer, bone cancer and cirrhosis of the liver (4.1, 3.7, 1.5, 4.1 and 1.9, respectively), showed that silicotics' smoking prevalence was similar to that reported for the general population [10] . In the present study, the marginal role of smoking in causing the excess of lung cancer may be evidenced by the lower mortality from cardiovascular diseases observed in our cohort (SMR: 0.81, 95% CI: 0.73-0.89). This finding supports the hypothesis of a clear healthy worker effect. In addition, recent research observed that in studies of occupational exposures and lung cancer, tobacco-adjusted RRs rarely differ appreciably from the unadjusted estimates [22] .
In the analyses of outcomes, we assumed, for the group of deceased workers with an unknown cause, the same distribution by causes used with subjects whose cause of death was known, without adjustment for added uncertainty. This assumption is correct if there is no reason for different patterns of cause of death between known and unknown. In the analysis performed with the 'undefined conditions' class (85 cases with unknown cause of death), a decrease of 7% was observed in the SMRs, and significant excesses of mortality were all confirmed except for malignant neoplasms. information on the activity sector and job category may represent another limitation of this study. Stratifying analyses by sub-cohorts, the highest risk for lung cancer was detected in the construction sector and particularly among masons employed in several occupations (plaster and lime production, quarries, bricks production). These findings are in line with previous studies that showed elevated risks in the construction industry and building materials, glass, clay and stone production industry [23] , manufacturing and mining industries [24] and in masonry work, stonecutting, bricklaying or equivalent trades [5] . The RR for lung cancer increased with the increase of working inability degree, suggesting a doseresponse relationship. The significant decrease in RR for silicosis with the year of compensation reflects a reduction in silica exposure over time. However, this RR decrease could be attributable to the selected period and duration of follow-up, considering the mean latency of the diseases.
In our cohort, a slight excess of mortality from all causes of death was detected, which becomes particularly severe from NMRDs (including COPDs) and tuberculosis. A significant excess mortality from NMRDs mainly attributable to the excess deaths of silicosis was found among graphite electrode manufacturing workers, supporting the association between excess mortality from silicosis and occupational exposure to siliceous sands experienced during graphite electrode manufacturing [25] . Mortality from COPDs resulted elevated among our sub-cohort of miners (SMR: 3.13, 95% CI: 1.90-5.15). Similarly, in a cohort study of silicotics in Hong Kong, the risk of dying from NMRDs and COPDs was found very high in workers in underground caisson and other occupations with very high levels of silica dust exposure, suggesting an exposure-response relationship between high levels of exposure to silica dust and the mortality from NMRDs [6] . The association between silicosis and tuberculosis, which has been reported by many epidemiologic studies [17, 19, 26] , is consistent with our results.
In this study, an association was found between silicotics and mortality from kidney cancer in the manufacture of non-metallic mineral products and among ceramists, not previously reported in any other study. Moreover, excess mortality from genitourinary diseases (in particular from nephritis, nephritic and nephrotic syndrome) were here found in the sector of construction of highways, roads, airfields and sport facilities (NACE code: 45.23). Evidence of nephrotoxic effects has been observed among ceramic workers, although other possible risk factors for renal damage in the ceramic industry may act as confounders (lead, chromium, cadmium) [13] . In our sub-cohort of ceramists, mortality from genitourinary diseases was in excess, although not significant (SMR: 1.48, 95% CI: 0.69-3.18). An association between kidney disease and exposure to silica has been confirmed in two cohort studies, suggesting a causal link between silica and kidney disease [27, 28] .
Our study found an increased risk also for laryngeal cancer, particularly among silicotics in the mining and ceramic industries. A hospital-based case-referent study conducted in Turkey between 1979 and 1984 found a significant dose-response relationship with occupational silica exposure and laryngeal cancer, particularly for supraglottic cancer (OR: 1.8, 95% CI: 1.3-2.3) [29] . In addition to respirable free crystalline silica, laryngeal cancer has been associated with exposure to soot (from coal, coke, fuel oil or wood), fumes and solvents [30] . These agents may also have played a role in the reported mortality excess for laryngeal cancer.
In conclusion, in the cohort of workers compensated for silicosis, a significant excess in mortality was observed among males from cancer of the trachea, bronchus and lung, tuberculosis, liver cirrhosis and laryngeal cancer. Mortality excess from liver cirrhosis and laryngeal cancer needs to be investigated further. Higher risks were observed for masons (lung cancer, tuberculosis and liver cirrhosis), miners (NMRD, COPD and larynx cancer) and ceramists (silicosis). This study demonstrates an increase in cancer mortality, in silica-exposed workers in the selected Italian region (Latium). Moreover, the study highlights the importance of implementing preventive measures to reduce silica exposure and of developing surveillance systems for monitoring exposed workers.
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